Non invasive ultrasound-based imaging systems are being more commonly used in clinical bio-microscopy applications for both ex vivo and in vivo analysis of tissue pathological and physiological states. These modalities usually employ high-frequency ultrasound systems to overcome spatial resolution limits of conventional clinical diagnostic approaches. Biological tissues are non continuous, non homogeneous and exhibit a multiscale organization from the sub-cellular level (1 mm) to the organ level (1 cm). When the ultrasonic wavelength used to probe the tissues becomes comparable with the tissue's microstructure scale, the propagation and reflection of ultrasound waves cannot be fully interpreted employing classical models developed within the continuum assumption. In this study, we present a multiscale model for analyzing the mechanical response of a non-continuum double-layer system exposed to an ultrasound source. The model is developed within the framework of the Doublet Mechanics theory and can be applied to the non-invasive analysis of complex biological tissues.
INTRODUCTION
In the last few years, there has been an increased interest to extend the limits of conventional clinical approaches to the level of microscopic resolution [1] [2] [3] [4] [5] . The goal here is to optimize the imaging of small tissue structures and, in general, to obtain information not available from the corresponding conventional macroscale applications.
The ability to quantitatively and non invasively differentiate living tissues based upon their biological and physical properties would enable major breakthroughs in the early detection and diagnosis of diseases and in monitoring therapeutic effects.
While surgical biopsy remains the 'gold standard' for the clinical screening of tissues and the assessment of pathologic conditions, there is a concerted effort to develop new imaging modalities that non-invasively visualize tissues providing information previously only available from biopsy [6] [7] [8] . Morphologic presentation of tissues together with the microbiologic, immunologic and molecular analysis are still critical for determining personalized medical treatments. However, the analysis of surgical biopsies suffers from being inherently operator dependent and, ultimately, the quality of diagnoses is entrusted with the pathologist's experience and knowledge [9] [10] [11] . Availability of quantitative imaging techniques capable of probing tissues at the microscale level may improve the accuracy of the diagnosis of biological samples and, most importantly, provide a new non-invasive means for the assessment of living tissues in situ.
Recent developments in the fields of optics, nuclear medicine, computed tomography, magnetic resonance and ultrasound have suggested the feasibility of obtaining tissue information at the micrometer-scale level with high accuracy, sensitivity and contrast-to-noise ratios. For example, optical in vivo biopsy is a growing area in optical computed tomography applications, which promises the assessment of tissue morphology and cell function as well as the detection of early-stage tissue abnormalities associated with diseases [7, 12] . Similarly, new magnetic resonance microscopy techniques now permit imaging tissue's fine architecture in applications that range from assessing neural tissues [13] to imaging angiogenesis and gene expression in cancers [14, 15] . Among the various imaging techniques, ultrasound methods have always offered distinctive characteristics, which make them particularly suitable for clinical screening of tissues. These include: cost-effectiveness, portability, non-invasiveness, and the ability to provide in vivo tissue clinical information in real-time, at high resolutions and relatively large depths.
Although the first acoustic microscope was proposed in the early 1930s [16] , it was only in the late 1980s that the use of pulse-echo imaging systems operating at frequencies higher than the frequency range conventionally used in diagnostic imaging began to be experimented [17, 18] . Today, the ultrasonic visualization of tissues at microscopic resolution is usually referred to in the literature as ultrasound biomicroscopy or, more simply, high frequency ultrasound [4, 6] . Important clinical applications of high frequency ultrasound techniques include: ophthalmology [19] , dermatology [20] , intravascular ultrasound [18] , cartilage imaging [21] , and obstetrics [22] . While the imaging performance of the ultrasound system is ultimately determined by the frequency of the ultrasonic transducer, its geometry and the tissue acoustic properties, the choice of the imaging system to be used in a given application is highly dependent on the nature of the application itself. For example, ophthalmic applications usually employ transducers with frequentcies in the 40 to 60 MHz range [19] . These are used for imaging glaucoma, scleral and corneal diseases, and melanomas of the iris among the various clinical applications. The typical frequency range for investigating skin and assess skin tumor markers is from 20 to 40 MHz [20] , with possible extension up to 100 MHz [23] . For intravascular applications, ultrasound systems usually operate in the range of 20 to 30 MHz, allowing high resolution imaging of vessel walls and coronary arteries [24] . Finally, a new and promising application of high frequency ultrasound systems relates to the development of microscopic elasticity imaging and intravascular elastography imaging techniques, which use pre-and post-excitation high frequency ultrasound data to reconstruct maps of the microscopic mechanical properties of tissues [25] [26] [27] [28] .
A common denominator for all the aforementioned ultrasound applications is the use of high-frequency systems to probe the tissues so that high spatial resolutions can be achieved. However, biological tissues are non continuous, non homogeneous and exhibit a multiscale organization from the sub-cellular level (1 mm) to the organ level (1 cm). When the ultrasonic wavelength becomes comparable with the tissue's microstructure scale, the propagation and reflection of ultrasound waves cannot be fully interpreted employing classical models developed within the continuum assumption. In these regards, we have recently proposed the use of ultrasound-based Non Destructive Evaluation (NDE) techniques in conjunction with multiscale mathematical models as an integrated tool to automatically screen tissue biopsy specimens with high accuracy and resolution [29] [30] [31] [32] . Biopsy samples are exposed to an ultrasound source and the tissue response and physical properties can be interpreted employing multiscale mathematical models. Normal and malignant tissues are expected to provide different responses that could be readily detected.
Several techniques have been proposed to model the mechanical behavior of materials at the nano/micro scale. This is the case for instance of the Lattice Dynamics (LD) and Molecular Dynamics [33] , non-local Micromechanics theories of the differential (CGT) [34] and integral type (INT) [35] [36] . In addition to these somehow classical approaches, the theory of Doublet Mechanics (DM) has been developed over the last twenty years as a multiscale field theory that allows to bridge the gap between Continuum Mechanics (CM) and discrete meso scale models without contradiction [37] [38] [39] .
In this paper, we develop a mathematical model based on the DM approach to study the response of multilayered non continuum solids to ultrasounds. While the model is formulated for the analysis of biopsy samples, it may also be applied to the detection of malignant tumors developing in natural multi-layered systems such as the skin or the eye and might become an important tool for the further development of novel high frequency ultrasound elastography techniques.
A LINEAR ELASTICITY BOUNDARY VALUE PROBLEM WITHIN DM
The theory of Doublet Mechanics is a multi-scale theory which recapitulates Lattice Dynamics at the nanoscale limit and is fully compatible with the continuum mechanics framework at the macroscale limit. In the present paragraph, the governing equations for a linear elasticity problem are briefly recapitulated. A more detailed description can be found in [37] [38] [39] . Within the DM framework, a solid is considered as a spatial array of points (nodes) at finite distances. Any pair of adjacent nodes is termed a doublet comprising a reference node X and a node Y α located at a separation distance  . An orthogonal Cartesian frame of reference is introduced with unit vectors e i (i = 1, 2, 3), and each node X is associated to a position vector x = x i e i , where the classical convention of the repeated Roman indices is used. A displacement vector u α (x; t) can be introduced and for each doublet; the increment displacement vector Δu α (x; t) can be defined as the difference between the displacement of the node γ α and that of the node X at time t
As in linear elasticity, it is assumed that the relative
is small compared to the doublet separation distance
so that the initial and final configuration of the system can be as-sumed to coincide. Expanding a in a convergent Taylor series in a neighborhood of the reference point X, it follows, in scalar form
where each of the subscript 1 , , k k   runs through 1 to 3. The order M at which the series is truncated defines the degree of approximation employed by the DM theory. For M = 1, the continuum theory of elasticity is recovered.
The small elongation of the doublet   can be de-
and, using (2), Equation (3) can be rephrased as
which can be interpreted as the compatibility equation within the linear DM theory. The relationship between the doublet microstress p a and microstrain   is given
in the case of linear and homogeneous internodal central interactions. Equation (5) can be interpreted as the constitutive equation in the linear and homogeneous DM theory, and A αβ is the matrix of the homogeneous micro modulii of the doublet. Finally, static equilibrium is imposed as
where 
where n kr are the scalar components of the unit vector n normal to the body surface, and the subscript r = 1, , M -1 for M ≥ 2 and r = 1 for M = 1. T i are the scalar components of the vector force T. The term d r1 is the Kronecker delta function. The Equations (4), (5) and (6) together with (7) give a boundary value problem within DM for a linear elastic body. Notice that Equations (6) and (7) are general to the extent that they are written as a function of the doublet unit vectors
The relationship between the micro-and the macrostresses has been derived in [37] as
at a generic level of approximation M.
ULTRASOUND WAVE PROPAGATION IN BIOLOGICAL TISSUES
A thin slice of biological tissue is considered (histologycal sample) embedded between two glass slides. An auxiliary continuous layer is placed upon the biological slice, as in Figure 2 to simulate a multilayered complex tissue system. An ultrasound transducer is used to probe this sandwich-like structure, generating mechanical waves of both shear and longitudinal type. The initial train of waves (0) travels unperturbed in the θ 0 direction ( Figure  3 , see also Appendix A). Upon the interaction of (0) with the first glass layer four more waves are generated (assuming specular reflection): two are forward scattered into the system (waves (3) and (4)) and two are back scattered into the glass substrate (waves (1) and (2)). Similarly, other waves are generated at the interface between the auxiliary layer and the tissue layer at the interface between the tissue and the second glass layer. Under the approximation of neglecting multiple reflections higher than the second order, the total number of waves travelling within the system is thirteen for the present configuration (Figure 3) . Theoretically, a comparison between the interacting waves at each interface would allow to deduce the reflection coefficients, given by the ratio between the amplitudes of the incident and reflecting waves. In the sequel, the DM theory is used to model the heterogeneous biological tissue and the auxiliary continuous layer, for which a scaleless approximation (M = 1: Continuum Mechanics) would be sufficient. In particular, the reflection coefficients are derived. Details of these derivations are given in Appendix A. According to the theory derived in this study, the reflection coefficient at the first interface, R 1 , is a complex function of the internodal distance η, the doublets configuration embodied by t's, the elastic microconstants A αβ . Thus, estimation of the reflection coefficients can provide important information regarding the tissue microstructure and mechanical properties. Since different tissues are expected to exhibit different responses, spectral analysis of the reflection coefficients may allow differentiation between different tissue types as well as monitoring changes occurring in the microstructural properties of a tissue due to pathology. In the next section, we analyze two distinctive cases where the application of the developed theory is used for the ultrasonic characterization of a biological tissue: a mono-layer model with a single tissue, and a double-layer model comprising a biological slice and an auxiliary continuum layer.
The Mono-Layer Model
In the limit that the thickness of the auxiliary layer is going to zero (h 1  0) a mono-layer, discrete model is Figure 2 . The sandwhich like structure comprising an intermediate continuum layer, a biological discrete tissue substrate and two external glass dishes. The system is feasible to be tested through ultrasounds. obtained as in [29] [30] [31] [32] . Figure 4 shows a plot of the reflection coefficient R 1 as a function of the frequency f of the ultrasound transducer. For comparison, a plot of the reflection coefficient as obtained using the CM theory as opposed to the DM theory is also shown. These plots are obtained by imposing η = 0, λ =1.805 GPa, μ = 0.04875 GPa, and the DM solution, with η = 5 μm, and A 11 = 2 GPa, A 44 = 0.195 GPa as derived using λ and μ in equation (15) . These parameters are set based on previous studies retrievable in the literature [29] [30] [31] [32] 40] . These results show that at low frequencies, smaller than about 10 MHz, the CM and DM solutions tend to overlap without any significant difference; whereas at higher frequencies, significant discrepancies emerge. This may be explained by observing that, at low frequencies, the probing waves have a finite length that is greater than the characteristic length scale of the system η (tens of microns against η = 5 μm). Consequently the micro structure of the layer is averaged out within the ultrasonic wavelength, which ultimately limits the spatial resolution, and the predictions of CM and DM coincide. Notice that η has the same order of magnitude of a cell size. Conversely, as f increases, and the ultrasonic wavelengths become comparable to the scale length of the small components of the material (cells), the difference between the discrete and continuum approach becomes more and more evident.
The relation between the angular frequency ω, the wave number k i and the phase velocity c i in the framework of DM is embodied by the quite complex equations (18) (Appendix A). Interestingly, these relations reduce to the non scale, classical dispersion ones (where simple
1/2 hold true) via two different assumptions: 1) the constituent granules of the biological substrate are material points whose sizes are infinitesimal η = 0 and all the waves may have arbitrary but finite length, 2) the constituent particles of the biological substrate may have an arbitrary but finite size (η > 0) and all the waves have an infinite length (k  0). The diagrams of Figure 4 show the occurrence of a number of minima and maxima. These can be explained considering phenomena of interference occurring at each interface between the reflecting and transmitting waves.
The Double Layer Model
Herein the results stemming out from the double layer model are presented, where both h 1 and h 2 are different from zero. For the analysis, it is assumed that the auxiliary layer is made up of a polymeric material commonly used in biomedical applications ( Table 1) . The biological tissue has the properties listed in Table 2 . These parameters are set based on previous studies retrievable in literature [29] [30] [31] [32] 40] . The CM and DM frameworks are used in describing the auxiliary and biological substrate, respectively. In Figures from 5 to 9 , the reflection spectra of the system under study are shown for different auxiliary layer materials, with varying Young's modulus E and for wave frequencies ranging from 4 to 12 MHz. It can be concluded that as E increases, the number of minima decreases within the frequency range considered, as it does the difference in frequency between two successive minima. Most importantly, at high values of E, the minimum values of the reflection coefficient do not vary significantly. Since increased tissue stiffness is often associated with changes in tissue pathology, spectral analysis of reflection coefficients as interpreted within the DM theory may contain important markers for the assessment of a tissue state and its changes due to the onset of diseases. These simulations also show that materials with a high compliances, such as PDMS ( Figure  5) , generate a very complex response, with several minima. Such complexity would spoil the reflection signal, inducing more noise and making more difficult the accurate interpretation of the spectra. Stiffer intermediate layers would be more convenient. Additional simulation (Figure 10) shows the effects of varying the Young's modulus (ΔE = 10%) about the mean value for the Polyethylene case. As E increases, the spectrum undergoes a rigid translation towards higher frequencies (see Table 3 for the complete list of values). The effect of thickness h 1 of the continuum, intermediate layer has been also investigated. Starting from a thickness of 134 μm, a 10% variation has been imposed (Polyethylene, Δh = 10%) and the reflection spectra evaluated. Results are shown in Figure 11 and Table 4 . It is observed that as h 1 increases, the spectra rigidly move towards lower frequencies, with no change in the number of minima. The thickness h 1 also affects the damping of the system, the thicker is the intermediate layer and the stronger is the attenuation for the spectra. Notice that the thickness h 1 and the stiffness E have opposite effects.
DISCUSSIONS
In this study, we have presented a multiscale model for analyzing the mechanical response of a non-continuum system exposed to an ultrasound source. The proposed model may be interpreted as a quantitative, non-invasive ultrasound spectroscopy method, which is based on the analysis of the reflection coefficients as a function of the ultrasonic wavelength (or conversely the frequency) for estimating changes in the tissue microstructure and mechanical properties. The model was developed within the framework of the Doublet Mechanics theory, which led to the determination of the reflection coefficients as a function of the internodal distance, the doublets configuration and the elastic microconstants. In its present form, the model does not take into consideration scattering effects at the various interfaces or within the tissue layer. Coupling this effect with the DM theory would require large mathematical efforts, which are considered outside the scope of the presented study and left for future investigations. In Appendix B, we provide a detailed analysis of the conditions under which this approximation is valid. As a test platform, the DM model developed in this study was applied to the ultrasonic characterization of two tissue models: a mono-layer solid simulating a tissue specimen for histological analysis and a double-layer system simulating a more complex tissue. For the mono-layer case, the results obtained using the DM theory were statistically compared with the results obtained from the same tissue model using the classical CM theory. The results reported in this study demonstrate that at frequencies as high as 10 MHz and above, the CM results significantly deviate from the DM results. This would suggest that the use of CM-based approaches to characterize the ultrasonic behavior of tissues exposed to high frequency (>10 MHz) insonications may lead to incorrect or incomplete interpretation of the ultrasonic parameters of interest with respect to the tissue microstructural properties. In such experimental conditions, a more complicated model should be considered. The model described in this paper offers an attractive alternative, which is based on the spectral analysis of the receiving signals to differentiate between tissue types. In addition, the analysis of the single layer tissue model carried out in this paper may prove as a useful example on how to practically apply the proposed DM model to ultrasound-based histological applications.
The present work with the development of a double layer mathematical model constitutes the first step towards a more realistic representation of natural multilayered systems as the human skin and the growth and spread of malignancies such as melanoma. Human skin is a unique organ that permits life by regulating heat and water loss from the body while preventing the ingress of noxious chemicals or microorganisms [41] . Skin membranes may be examined at various levels of complexity. While the membrane is regarded sometimes as a simple physical barrier, more complexity may be introduced by considering skin as various layers in series, namely 1) the innermost subcutaneous fat layer (hypodermis); 2) the overlying dermis; 3) the viable epidermis; 4) the outermost layer of the tissue (the stratum corneum). All the cited layers posses, at different extents, a certain degree of heterogeneity due to sebaceous glands, hair follicles, fat lobules, blood vessels, nucleii and desmosomal junctions [41] . With such a scenario, a simple singlelayer model would not be sufficient for interpreting the system response. In addition, skin cancer is associated with localized changes in the tissue microstructure and morphological modification at the interfaces between different skin layers making single-layer models potentially inaccurate in predicting the onset and spread of tumor masses.
As a demonstration of the practical applicability of some of the concepts exposed in this paper, we have previously developed an ex vivo apparatus that uses ultrasound technology and the Doublet Mechanics theory to obtain information about tissue pathological states [31, 40] . For the purpose of illustration, a sketch of such apparatus and set-up is provided in Figure 12 . The ultrasonic wand delivers an acoustical wave of known frequency into the tissue, and then detects the reflected wave fractions with separate transducers. As described in this study, a characteristic reflection spectrum can be plotted depicting the reflection coefficient versus the excitation frequency. The spectrum can be related to tissue physical properties such as density, microelastic constants, attenuation, and internodal distance via the DM theory. Through comparative analysis of reflection spectra from normal and diseased tissue, it may be possible to determine the malignancy potential of a cutaneous or mucousal growth such as melanoma. This would allow physicians to screen patients on an annual or semi-annual basis for the presence of dysplastic nevi (pre-cancerous) or early stage cancerous skin lesions.
In addition to dermatology applications, the proposed model may have significant potentials in several other clinical applications that employ high frequency ultrasound systems for the assessment of tissue pathological and physiological states. It may be particularly useful in ophthalmology, where the anatomy of the eye resembles a multilayered system and where the use of high frequency ultrasound techniques has already shown significant potentials for the diagnosis and treatment of eye diseases [19] . Other possible applications may include cartilage assessment, intravascular applications, and high frequency elastography techniques, which ultimately long to the quantitative estimation of the tissue mechanical behavior at the microscopic scale.
CONCLUSIONS
The Doublet Mechanics theory has been employed to model the propagation of elastic waves within a biological tissue. The present case is characterized by heterogeneous and not continuous materials that, consequently, may be conveniently analyzed within the multiscale DM framework.
It has been observed that an operating frequency of the ultrasound generator increases, the difference between the DM solution and the classical elasticity solution becomes larger, as a consequence of the intimate interaction among waves and microscopic components of the biological tissue. It has been discussed that a DM multilayer model could be effective in describing the skin multi-layer structure. The design requirements for a characterization-mode ultrasound skin cancer detection system should provide primary care physicians with a rapid, noninvasive, screening tool for malignant melanoma that would assign a quantitative malignancy potential for specific cutaneous lesions. the diagrams turn into quasi-Gaussian with most probable intensity <I>. Equivalently, in the limit of large detector area, the speckles would just represent a background noise that would have negligible influence on the response of the sample. Founding on these considerations, scattering effects can be reasonably neglected.
Note that by large detector area we simply mean an area containing a large number of scatterers compared to the resolution cell, which is equivalent to state that the tissue scatterer density satisfies the requirement for obtaining fully developed Raleigh backscatterers and thus m 1. 
